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(57) Abstract: A wavelength tunable laser includes a distributed feedback (DFB) array with first and second DFB laser diodes that 
generates first and second beams of light in first and second wavelength ranges. A microelectromechanical (MEMS) optical element 
selectively couples one of the first and second beams of light from the DFB laser array into an optica] waveguide. The MEMS optical 
element includes a collimating lens and a thermal or electrostatic MEMS actuator for moving the collimating lens to select the one of 
Q the first and second beams of light. A focusing lens is located between the collimating lens and the optical waveguide. Alternately, 
£^ the MEMS opticall element includes a fixed collimating lens that collimates the first and second beams of light, a mirror, and a 
^ MEMS actuator for tilting the mirror to select the one of the first and second beams of light 
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TUNABLE DISTRIBUTED FEEDBACK LASER 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims the benefits of United States Provisional Application 
5 No. 60/224,384, filed August 9, 2000 and United States Provisional Application No. 
60/244,696, filed October 30, 2000. 

FIELD OF THE INVENTION 
The present invention relates to distributed feedback (DFB) lasers, and more 
particularly to tunable DFB lasers. 
1 0 BACKGROUND OF THE INVENTION 

Distributed feedback (DFB) faser arrays with multiple DFB laser diodes are 
coupled through a multimode interference coupler to provide a single output. The 
DFB laser array is temperature tuned to adjust the wavelength that is output by the 
DFB laser diodes. For example, if each DFB laser diode provides 3 nanometers 
15 (nm) of temperature tuning, a DFB laser array with four DFB diode lasers covers 12 
nm, which is equivalent to sixteen 100 Giga Hertz (GHz) channels. 

Using DFB laser arrays has some advantages over alternatives such as 
tunable vertical cavity surface emitting laser (VCSELs), grating assisted codirectional 
coupler with sampled rear reflector (GCSR) lasers, and/or tunable distributed Bragg 
20 reflector (T-DBR) lasers. The advantages include higher power outputs, 
manufacturing complexity that is similar to conventional single DFB laser fabrication, 
wavelength stability, and the reliability and processing of DFB lasers. 

When combining the outputs of a DFB laser array on-chip, additional circuits 
such as active-passive transitions, 1:N couplers, and integrated semiconductor 
25 optical amplifiers (SOAs) are required to compensate for the losses of the combiner. 
Placing the DFB lasers in a row along a single waveguide can eliminate the losses of 
the combiner. However, this approach introduces feedback and coupling problems in 
the longitudinal DFB laser array. Both combined and longitudinal DFB laser arrays 
also have limited scalability. The power losses in the combiner and device-to-device 
30 coupling limits the DFB laser array size to approximately 4-5 lasers and the total 
tunability to approximately 15 nm. This bandwidth is not sufficient enough to provide 
total c bandwidth coverage, which limits the DFB laser arrays to partial-band 
coverage. 

An improved long-haul data light source preferably provides full c bandwidth 
35 coverage and has the cost, reliability and ease of manufacture of a fixed wavelength 
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DFB laser. Cost considerations deter the use of complicated chips (such as GCSRs) 
or unconventional packages (such as a tunable VCSEL). In addition to chip 
manufacturing costs, the complexity of sophisticated control algorithms for GCSRs, 
VCSELs, and T-DBRs further increases the total cost of these devices. 
5 SUMMARY OF THE INVENTION 

A wavelength tunable laser according to the present invention includes a 
distributed feedback (DFB) laser array. The DFB laser array includes a first DFB 
laser diode that generates a first beam of light in a first wavelength range and a 
second DFB laser diode that generates a second beam of light in a second 

10 wavelength range. A microelectromechanical (MEMS) optical element adjusts to 
selectively couple one of the first and the second beams of light from the DFB laser 
array into an optical waveguide. 

In other features of the present invention, the MEMS optical element includes 
a collimating lens and a MEMS actuator. The MEMS actuator adjusts a position of 

1 5 the collimating lens to select one of the first and the second beams of light. The 
MEMS actuator is preferably an electrostatic or a thermal actuator. 

In yet other features, a focusing lens is located between the collimating lens 
and the optical waveguide. The optical waveguide is preferably an optical fiber 
suitable for telecommunications. 

20 In still other features, the MEMS actuator includes an electrostatic comb drive 

structure, a flexible spring structure, and a drive circuit. The drive circuit actuates the 
electrostatic comb drive structure and the flexible spring structure to adjust the 
position of the collimating lens. Alternately, the MEMS actuator includes a thermal 
actuating structure and a drive circuit that powers the thermal actuating structure to 

25 adjust the position of the collimating lens. 

In other features, large changes in the output wavelength are realized by 
activating different DFB lasers in the DFB laser array. Fine-tuning is preferably 
achieved by temperature tuning. The DFB laser array and the optical waveguide are 
mounted on a submount. A temperature of the submount is controlled by a 

30 thermoelectric cooler. The wavelength of the transmitter is adjusted by varying the 
current to the thermoelectric cooler. 

In other features, the optical system further includes a beam splitter that 
reflects a first portion of one of the first and second beams of light and that passes a 
second portion of on of the first and second beams of light. A wavelength locker 

35 receives one of the first and second portions from the beam splitter and generates a 
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wavelength measurement signal. A temperature tuning circuit receives the 
wavelength measurement signs! and adjusts a temperature of the DFB laser array to 
vary the wavelength that is output by the DFB laser array. 

In other features, a third DFB laser diode generates a third beam of light in a 
5 third wavelength range. The third wavelength range overlaps one of the first and 
second wavelength ranges. The third DFB laser diode is used to increase chip yield 
by providing redundancy. 

In other features, a field lens is located between the DFB laser array and the 
collimating lens to remove vignetting effects. An optical isolator and a modulator are 
1 0 located between the beam splitter and the optical waveguide. 

In still other features, the MEMS optical coupling system includes a MEMS 
actuator that tilts a mirror to select one of the first and second beams of light The 
mirror tilts in first and second axial directions to compensate for misalignment of the 
collimating lens and the first and second laser diodes relative to an alignment axis. 
15 Further features and areas of applicability of the present invention will 

become apparent from the detailed description provided hereinafter. It should be 
understood that the detailed description and specific examples, while indicating the 
preferred embodiment of the invention, are intended, for purposes of illustration only 
and are not intended to limit the scope of the invention. 
20 BRIEF DESCRIPTION OF THE DRAWINGS 

/ The present invention will become more fully understood from the detailed 

description and the accompanying drawings, wherein: 

FIG. 1 illustrates an optical system with a distributed feedback laser array, a 
collimating lens that can be translated using a MEMS actuator, a focusing lens and 
25 an optical waveguide; 

FIGs. 2A and 2B illustrate the collimating lens and electrostatic MEMS 
actuators; 

FIGs. 3A and 3B illustrate the collimating lens and thermal MEMS actuators; 

FIG. 4 illustrates the optical system of FIG. 1 with a wavelength iocker; 
30 FIG. 5 illustrates the optical system of FIG. 1 with a fixed field lens; 

FIG. 6 illustrates the optical system of FIG. 1 with a wavelength locker, an 
optical isolator, and an amplitude modulator, 

FIG. 7 is a chart illustrating coupling efficiency as a function of laser diode 
offset for the optical system of FIG. 1 ; 
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FIG. 8 illustrates an optical system including a distributed feedback array, a 
tixed coiiimaiing it?ii$, a rotatablc MEMS mirror, a focusing lens f and an optical 
waveguide; 

FIG. 9 illustrates the coupled power of the design in Fig. 8 as a function of 
5 laser diode position; 

Fig. 10 illustrates a fixed bending mirror that straightens out a path of an 
optical system that uses a rotatable MEMs mirror; 

FIG. 1 1 is a plan view of a tiltable MEMS mirror, and 
FIG. 1 2 is a perspective view of the tiltable MEMS mirror. 
1 0 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The following description of the preferred embodiment(s) is merely exemplary 
in nature and is in no way intended to limit the invention, its application, or uses. 

Referring now to FIG. 1, an optical system 10 is shown and includes a 
distributed feedback (DFB) laser array 12. The DFB laser array 12 includes a 

15 plurality of DFB laser diodes 13-1, 13-2 13-n. In a preferred embodiment, the 

DFB laser array 12 is temperature tunable. The temperature of the DFB laser array 
12 can be adjusted by varying a drive current to a thermoelectric cooler (TEC) to tune 
the temperature as will be described below. Each laser diode 13 generates an 
optical signal 14 in a predetermined wavelength range. The optical signals 14 are 
20 directed at a collimating lens 16 that collimates the optical signals 14. A focusing 
lens 20 directs the collimated optical signal 14 from the DFB laser array 12 onto an 
input end of an optical waveguide 22. The optical waveguide 22 can be any suitable 
optical waveguide used for telecommunications. 

The position of the collimating lens 16 is adjusted by a 
25 microelectromechanical (MEMS) actuator 24 that is connected to a drive circuit that 
powers the MEMS actuator 24. The MEMS actuator 24 moves the collimating lens 
16 laterally (in other words, from side-to-side). For example in FIG. 1 t the MEMS 
actuator 24 moves the collimating lens 16 along the x-axis and the optical signals 14 
are generally directed along the z-axis. The collimating lens 16 and the MEMS 
30 actuator 24 allow the optical signals 14 from any laser diode 13 in the DFB laser 
array 12 to be coupled to the optical waveguide 22. Because the coupling is one-to- 
one, the coupling losses from any one laser diode 13 in the DFB laser array 12 is 
minimal. 

Referring now to FIG. 2A, a first embodiment illustrating the structure of the 
35 collimating lens 16 and the MEMS actuator 24 is shown in further detail. The MEMS 
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actuator 24 includes an etched structure 28 that is actuated electrostatically. The 
etched structure 26 permits lateral flexure cr translation (along the x-axis in FIG. 2A) 
while limiting and/or preventing orthogonal translation in vertical or transverse 
directions (along the y-axis or z-axis). 
5 Preferably, the MEMS actuator 24 and the collimating lens 16 are 

micromachined. The etched structure 28 preferably includes first and second 
electrostatic comb drive structures 29-1 and 29-2 that are located at opposite ends of 
the MEMS actuator 24. The etched structure 28 further includes flexible spring 
structures 30-1 and 30-2 that are located between the first and second electrostatic 

10 comb drive structures 29 and the collimating lens 16. The electrostatic comb drive 
structures 29 and the flexible spring structures 30 respond to drive signals that are 
output by the drive circuit 26 to translate the collimating lens 16. The flexible spring 
structures 30 provide restoring force to return the collimating lens to a neutral or 
unbiased position. The collimating lens 16 and the focusing lens 20 couple one of the 

1 5 optical signals 14 from one of the DFB laser diodes 1 3 into the optical waveguide 22. 

Referring now to FIG. 2B, an alternate design for the first embodiment of the 
MEMS actuator 24 is shown in further detail. Solid-filled portions of FIG. 2A are fixed 
and dot-filled portions are moveable. The electrostatic comb drive structures 29' 
include a fixed portion 33 with fingers 34 and a moveable portion 35 with fingers 36. 

20 The fingers 34 are surrounded by the fingers 36. Center portions 37-1 and 37-2 
connect the moveable portion 35 of the electrostatic comb drive structures 29' with 
the collimating lens 16 (via lens mount 38) and end portions 39 of the flexible spring 
structures 30'. Opposite ends 40 of the flexible spring structure 30 are connected to 
fixed portions 41. One or both of the electrostatic comb drive structures 29' are 

25 energized to controllably move the collimating lens 16. The flexible spring structures 
30* provide a restoring force that returns the collimating lens to a neutral or unbiased 
position. 

As can be appreciated from FIGs. 2A and*2B, the electrostatic comb drive 
structures 29 and 29\ the flexible spring structures 30' and 30", and the other 
30 structural portions of the etched structure 28 may have many other positions, shapes 
and/or dimensions depending upon the specific implementation. 

Referring now to FIG. 3A, a second embodiment of the collimating lens 16 
and the MEMS actuator 24 is shown. The collimating lens 16 is actuated thermally 
and includes first and second thermal actuators 42-1 and 42-2. Th MEMS actuators 
35 42 work by mechanically amplifying the movement caused by thermal expansion 
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when the material that forms the actuators 42 is heated. As current flows through the 
thermal MEMS actuators 42, me MEMS actuators 42 expand slightly and buckle. 
Buckling from both sides causes the collimating lens 16 to move up or down. 

Examples of suitable thermal and/or electrostatic actuators are disclosed in: 
5 Erno H. Klaassen et al. f "Silicon Fusion Bonding and Deep Reactive Ion Etching; a 
New Technology for Microstructures", Paper 139-C3 in the Conference On 
Transducers '95 - Eurosensors (1995); Nadim I. Mauf, "An Introduction to Micro- 
electromechanical Systems Engineering", Artech House MEMS Library (1999); and 
U.S. Patent Nos. 5,999,303, 6,044,705, 5,054,335 and 6,124,663, which are all 

1 0 hereby incorporated by reference. 

Referring now to FIG. 3B, an alternate design for the second embodiment of 
the MEMS actuator 24 is shown. As in FIG. 2B, solid-filled portions are fixed and 
dot-filled portions are moveable. One end of thermal actuator arms 43-1, 43-2, 
43-n is attached to a fixed portion 44 and an opposite end is attached to a center 

15 portion 45. One end of the center portion 45 is connected to a lens mount 46. 
Heating the MEMS actuator 24 causes movement that is indicated by arrow 47. As 
can be appreciated, fabricating the actuator arms 43, the center portion 45, and the 
lens mount 46 at angles (that are not right angles) leads to a preferred buckling 
direction and mechanical amplification. 

20 The optical system 10 according to the present invention uses DFB laser 

diodes 13 that are spaced closely together. For example, the DFB laser array 12 can 
include ten laser diodes that are spaced 10 micrometers apart such that the DFB 
laser array 12 is approximately 90 micrometers wide. In addition, the die size for 
producing the optical system 10 is approximately the size of a conventional single 

25 element DFB laser array. The manufacturing steps (including epitaxial growth) are 
approximately of the same complexity as the conventional single element DFB laser 
array. 

In a preferred embodiment, the laser diodes 13 contain gratings having 
different pitches. The different pitches for the wavelength-selectiva. gratings are 
30 preferably fabricated using a single exposure via a contact phase mask. The primary 
cost difference at the chip level is the reduced yield for the multiple diode DFB laser 
array 12 as compared with the yield of the conventional single element DFB laser 
array. 

Redundancy is preferably employed to achieve yield advantage. For 
35 example, a DFB laser array 12 including 2n laser diodes 13 having overlapping 
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wavelength coverage can be fabricated for an application requiring n laser diodes 13. 
if any of the laser diodes 13 in the DF5 laser array 12 do not operate correctly, the 
laser diode 13 is skipped over for another laser diode 13 that operates at the same 
wavelength. As can be appreciated, a simple control algorithm can be employed to 
5 identify and skip over inoperative laser diodes 13. Contacts for a DFB laser array 12 
with many DFB laser diodes (such as ten or greater) may require a two-level contact 
metalization. 

The collimating lens 16 is preferably fabricated from silicon. In addition, both 
the collimating lens 16 and the MEMS actuator 24 are preferably formed from the 

10 same bulk silicon wafer using standard MEMS and micro-optics processing. When 
fabricated in this manner, the cost of the collimating lens 16 and the MEMS actuator 
24 is relatively low and does not differ appreciably from the cost of a standard 
collimating microlens. In addition to movement in the x-axis direction, the collimating 
lens 16 and the MEMS actuator 24 also have an axis of actuation in a vertical or y- 

15 axis direction. To actuate in the y-axis direction, both actuators 42 are initially 
activated by the same amount half way in their movement range to move the lens in 
the x-direction. Then, the actuators 42 are unbalanced by increasing the power to 
actuator 42-1 and decreasing the power to actuator 42-2. This causes a translation 
of the collimating lens 16 towards actuator 42-2. 

20 Referring now to FIG. 4, an optical system 10-2 including a wavelength locker 

50 and a beam splitter 52 is shown. For purpose of clarity, reference numbers from 
FIG. 1 are used in FIG. 4 where appropriate to identify similar elements. The beam 
splitter 52 is preferably located between the collimating lens 16 and the focusing lens 
20. The beam splitter 52 reflects a portion of the optical signal 14 towards the 

25 wavelength locker 50. The wavelength error signal that is generated by the 
wavelength locker 50 is fed back to a temperature tuning circuit 54 that is part of (or 
connected to) the DFB laser array 12. The temperature tuning circuit 54 adjusts the 
temperature of the DFB laser array 12, for example by modifying the TEC current 
which in turn varies the wavelength that is output by the DFB laser array. 12. 

30 Connecting the drive circuit 26 to power the MEMs actuator is more difficult if 

the chip containing the collimating lens 16 and the MEMS actuator 24 includes 
electrostatic comb drives 29 that require a high voltage drive signal. However, the 
low voltage thermal actuators of FIGs. 3A and 3B can be implemented more readily. 
The disadvantage of thermal actuators is that they require relatively larg curr nts 

35 and consume more electrical power than their electrostatic counterparts. Other 
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MEMS actuators such as scratch-drives, piezoelectric actuators, and/or magnetic 
actuators can aiso be used. 

Referring now to FIG. 5, an optical system 10-3 including a fixed field lens 60 in 
addition to the movable coilimating lens 16 is shown. For purposes of clarity, reference 
5 numbers from FIG. 1 have been used in FIG. 5 where appropriate. The fixed field lens 
60 reduces the optical loss of DFB laser diodes 1 3 that are located far from the optical 
axis. In the approach described above without a fixed field lens 60, the DFB laser 
diodes 13 located near outer edges of the DFB laser array 12 experience increased 
optical signal loss. The collimated beam that forms from each laser diode 13 is 

1 0 displaced slightly by an amount that is equal to the distance of the laser diode 1 3 from 
the optical axis. The losses are most significant for the DFB laser arrays 12 having an 
off-center position that is a substantial fraction of the width of the collimated beam that 
is output by the translated coilimating lens 16. The losses have a vignetting effect 
because the focusing lens 20 cannot accept all of the input beams and efficiently 

15 couple them to the optical waveguide 22. Thus, the closer the laser diode beam is to 
the edge of the DFB laser array 12 (with respect to the center of the DFB laser array 
12), the lower the intensity of the optical signal due to reduced optical coupling 
efficiency. The vignetting effect is preferably reduced or eliminated by adding the fixed 
field lens 60 at the output of the DFB laser array 12. A stronger fixed field lens 60 

20 reduces the vignetting while increasing distortion. As can be appreciated, there is a 
trade-off between the size of the DFB laser array 12 and the power of the fixed field 
lens 60. 

The architecture of optical systems 10 according to the present invention also 
allows the output to be turned off completely while tuning is accomplished. Blanking 

25 the output is realized by powering down the DFB laser array 12, moving the MEMS 
actuators 24, and then powering up the DFB laser array 12. Alternately, the coilimating 
lens 16 can be intentionally misaligned when a wavelength is switched from one laser 
diode 13 to another via the translated coilimating lens 16. 

Referring now to FIG. 6, the DFB laser array 12, the coilimating lens 16 and the 

30 MEMS actuator 24 of the optical system 10-4 are preferably mounted on a common 
submount. For purposes of clarity, reference numbers from FIGs. 1 and 4 have been 
used in FIG. 6 where appropriate. An optical isolator 70 is located between the beam 
splitter 52 and the focusing lens 20. A focusing lens 20 couples the light to an external 
amplitude modulator 72, which in turn is pigtailed to the optical waveguid 22. The 
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optical isolator 70 and the amplitude modulator 72 can also be packaged on the same 
suostrate as the remaining components of the optica! system 10-4. 

In principle, the laser diodes 13 can be modulated directly. External amplitude 
modulators (EAMs) can also be integrated with each laser diode 13 with drive signal 
5 distribution and control of chirp across the DFB laser array 12. Alternatively, the DFB 
laser array 12 includes the external amplitude modulator 72 that is shown in FIG. 6. 
Such external amplitude modulators can also be LiNbO or semiconductor waveguide 
devices. 

Referring back to FIG. 2, an exemplary optical system 10 includes a DFB 

10 laser array 12 with twelve laser diodes 13 that are fabricated on a chip with 10 micron 
(urn) center-to-center spacing. The collimating lens 16 is laterally translatable to 
select the beam output of any one of the twelve laser diodes 13. With temperature 
tuning of the DFB laser array 12, each laser diode 13 is tuned over a 3 nm range 
such that the DFB laser array 12 covers a tuning range of 36 namometers. The 

15 selected beam output from the DFB laser array 12 is collimated by the collimating 
lens 16 that is moved by the MEMS actuator 24. The selected beam output is 
directed by the focusing lens 20 into the optical waveguide 22. 

The exemplary optical system was used to measure the change in coupling 
efficiency as the collimating lens 16 is translated to select the different outputs of the 

20 DFB laser array 12. The results are shown in Fig. 7. For off-axis DFB laser diodes, 
the collimated beam is directed to the focusing lens 20 off the central axis. The 
misalignment of the beam with respect to the collimating lens 16 results in slightly 
reduced coupling efficiency. For a 2 mm-focal collimating and a 6 mm-focal focusing 
lens arrangement, the normalized coupling efficiency drops by 0.2 dB when the DFB 

25 laser diode 12 is positioned 60 micrometers (^tm) off axis. An array of 12 elements 
spaced by 10 microns is 110 microns in size, and given that the maximum loss 
occurs for a device on the edge, about 55 microns from the central axis, this excess 
loss is only about 0.2dB. This small loss is acceptable and efficiency can be 
improved with the use of the fixed field lens 60. 

30 The attachment of a bulk microlens to the MEMS actuator 24 is less desirable 

because the weight of the bulk lens typically causes bowing in the MEMS actuator 24 
and may hamper the motion of the collimating lens 16. In addition, attaching the bulk 
microlens may damage the fragile structure of the MEMS actuator 24. The collimating 
lens 16 is preferably formed in the MEMS silicon chip structure Itself by employing a 

35 grayscale photoresist process. 


9 


WO 02/13343 


PCT/US01/24969 


The translated collimating lens 16 and the MEMS actuator 24 can be used in 
standard DFB packages with a iinear opiiuai train. Ths initial alignment process for the 
DFB laser array 12, the collimating lens 16, the MEMS actuator 24, the focusing lens 
20 and the optical waveguide 22 is relatively straightforward. The package is also well 
5 suited for receiving the optical isolator 70. 

As an alternative to a laterally translated collimating lens 16, an optical 
system 10-5 with a tiltable MEMS mirror 80 can also be employed as is illustrated in 
FIG. 8. For purposes of clarity, reference numbers from FIG. 1 have been employed 
in FIG. 8 to identify similar elements. The MEMS mirror 80 is preferably actuated 
10 thermally, electrostatically and/or using any other suitable MEMS structure. A 
reflective mirror coating 84 is formed on one surface of the MEMS mirror 80. A fixed 
collimating lens 82 collimates the beam outputs from the DFB laser array 12 onto the 
rotatable MEMS mirror 80. Rotational movement of the MEMS mirror 80 selects one 
beam output from the DFB laser array 12 for coupling into the optical waveguide 22 
1 5 via the focusing lens 20. 

For example, a DFB laser array 12 including twelve laser diodes 13 with a 3 
nm range of temperature tuning provides a 36 nm tunable bandwidth. The fixed 
collimating lens 82 collimates all of the beams. The angle that the collimated beams 
exit the collimating lens 82 is determined by the location of the corresponding laser 
20 diode 13 in the DFB laser array 12 relative to the axis of the collimating lens 82. Hie 
MEMS mirror 80 has a center of rotation that is positioned at the back focal point of 
the collimating lens 82. The MEMS mirror 80 is rotated or tilted to select one of the 
beams that will be reflected to the focusing lens 20 and coupled into the optical 
waveguide 22. 

25 There are several advantages to the approach that is illustrated in FIG. 8. 

Only fixed bulk lenses are required. The required rotation of the MEMS mirror 80 is 
relatively small. In the embodiment of FIG. 8, if the focal length for the first 
collimating lens is about 2 mm, a twelve-element DFB laser array 12 with 10 
micrometer spacing requires the MEMS mirror 80 to rotate in total only 1.6° (or +/- 

30 0.8 degrees in either direction). The MEMS mirror 80 can be fabricated using 
standard mechanical micromachining. The MEMS mirror 80 that is fabricated from 
bulk silicon provides a very flat surface for receiving a mirror coating 84 of a reflective 
material such as gold to provide a highly reflective surface. Additional functionality 
can also be incorporated into the MEMS mirror 80. For example, the MEMS mirror 80 
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can tilt along a second axis to provide a one-time coupling optimization after assembly 
to reduce initial optical trail i assembly tolerances. 

The MEMS mirror 80 is located in the focal plane of the collimating lens 82. 
The reflected beam output from the MEMS mirror 80 is always on-axis and centered on 
5 the focusing lens 20 thereby maintaining maximum coupling efficiency into the optical 
waveguide 22. In the case of the laterally translated collimating lens 16, the collimated 
beam is not always centered on the focusing lens 20, but shifts laterally on the 
collimating lens 16 depending on which laser diode 13 is activated. However, there is 
a similar reduction in fiber coupled power with the tilting mirror approach because the 
10 angle of the beam through the first lens varies depending on the laser diode 13 and all 
lenses have some off-axis aberrations. Furthermore, the distance of the DFB laser 
diode 13 to the mirror center increases for devices at the edges of the DFB laser array 
12. Therefore, the DFB laser diode 13 is no longer at the focal point of the lens. The 
resulting beam is no longer perfectly collimated and has greater loss when coupled to 
1 5 the optical waveguide. 

A bulk version of the embodiment of FIG. 8 was constructed with focal lengths 
of the collimating lens and the focusing lens 80 equal to 2 mm and 6 mm. In FIG. 9, 
the tilted mirror position verses output power is graphically illustrated. The coupling 
losses are negligible over the central portion. Outside of this region, the coupling 
20 losses increase due to off axis aberrations of the focusing lens and changes in the 
collimation. Thus, in a system made with the MEMS mirror 80, the losses are 
sufficiently low over a relatively large field of view. 

The optical system 10-5 requires a bend in the optical path. The bend prevents 
mounting in a standard DFB butterfly package due to the large focal length (2 mm) of 
25 the collimating lens 16 and the focusing lens 20. Referring now to FIG. 10, an optical 
system 10-6 with a second mirror 100 can be inserted in the optical path to make the 
input and output paths parallel. As a result, a standard DFB butterfly package can be 
used. 

The axis of rotation for the MEMS mirror 80 is preferably perpepdicular to the 
30 planar surface of the DFB chip so that optimum coupling occurs for all of the laser 
diodes 13. If the alignment is not accurate, the outputs of the laser diodes 13 that are 
not in the center region of the chip will be imaged slightly above or below the input end 
of the optical waveguide 22 thereby reducing optical coupling efficiency. If the MEMS 
mirror 80 has a second axis of rotation, compensation can be performed. Chip to 
35 mirror alignment is achieved during manufacture by actively aligning the MEMS mirror 
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80 and chip during assembly. The output of the DFB laser array 12 is imaged while 
the MEMS mirror 8U is rotated to select the individual !*ser diode 13 output. The 
MEMS mirror chip is preferably aligned to allow the rotated mirror to translate the 
laser beam array image along the direction of the DFB laser array beam outputs. 
5 Referring now to FIGs. 11 and 12, a thermally actuated MEMS mirror 110 

according to the present invention is shown. The thermally actuated MEMS mirror 
110 includes a mirror 112, a first chevron 114, a second chevron 116, and four 
support bars 120-1, 120-2, 120-3 and 120-4. The support bars 120 connect the first 
and second chevrons 114 and 116 to opposite sides of the mirror 112. The moving 

10 components of the thermally actuated MEMS mirror 110 are preferably fabricated 
from a single planar semiconductor layer as will be described further below. 

The first chevron 114 preferably includes an out-of-plane actuator 124 and 
first and second in-plane actuators 126 and 128 that are located at opposite ends of 
the out-of-plane actuator 124. Likewise, the second chevron 116 preferably includes 

15 an out-of-plane actuator 134 and first and second in-plane actuators 136 and 138 
that are located at opposite ends of the out-of-plane actuator 134. One or more 
conventional drive circuits (not shown) are connected to the first and second 
chevrons 1 14 and 116. The drive circuits generate a controlled and regulated current 
that passes through the in-plane actuators 126, 128, 136, and 138. As the in-plane 

20 actuators heat and expand, they buckle in-plane and force the chevrons 116 and 124 
to buckle out-of-plane. Since the center point of the first and second chevrons 114 
and 116 moves up out of the plane further than the end points, the support bars 120- 
1 and 120-2 that are connected to the center move further than the support bars 120- 
3 and 120-4 that are connected to the end points. The center of the mirror is moved 

25 while the edge of the mirror is roughly in the same position and the mirror tilts. The 
four actuators 126, 128, 136, and 138 are preferably doped with impurity ions to 
provide an appropriate resistance for thermal actuation. 

To tilt both sides of the mirror 80-1, the drive circuits) apply approximately 
the same amount of current to the two top actuators 126 and 128 and the bottom 

30 actuators 136 and 138. Alternately, a calibration step may be performed to 
determine the appropriate current level for the four actuators to obtain the desired 
rotation and orientation. The in-plane actuators 126, 128, 136, and 138 move in a 
direction indicated by arrows 142, 144, 146 and 148, respectively (Fig. 12). Likewise, 
the out-of-plane actuators 1 24 and 1 34 move vertically out of th page in FIG. 1 2. 
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The thermally actuated MEMS mirror system according to the invention 
preferably employs thermai actuators for tilting the MEMS mirror. Electrostatic 
actuators or other suitable MEMS actuators may also be employed. Thermal 
actuators require relatively low voltages (typically between 1-5V) and moderate per 
5 element power (100-500 mW/mirror). Thermal actuators can provide relatively high 
force and when mechanically amplified, good displacement (up to 100 micrometers). 
Thermal actuators can be fabricated using a single step in-plane process. Thermal 
actuators provide a roughly linear relationship between power and mirror motion and 
are therefore easier to control. The thermal actuators typically have a response time 

1 0 between 1 0-1 00 ms. 

The MEMS mirror system 200 optionally includes a hinge element 204 
including first and second projecting torsion bars 206 and 208 that are connected in a 
spaced relationship to edge 210 of the mirror 112. When the control circuit applies 
substantially different current levels to the top actuators 126 and 128 and bottom in- 

1 5 plane actuators 136 and 138, the hinge structure helps control the mirror surface. 

To fabricate the MEMS mirror 80-1, a silicon layer having a desired thickness 
is bonded, grown or sputtered on a silicon on insulator (SOI) wafer including silicon 
dioxide (SiOz) and silicon (Si) layers. A bottom side or top side etch is performed to 
release selected portions of the MEMS mirror 80-1. For example, the portions lying 

20 within the dotted lines 262 in FIG. 1 1 is released while the portions outside the dotted 
line's 262 remain attached. After patterning, a highly reflective (HR) layer is 
preferably formed on an outer surface of the mirror 112. 

The thermally actuated mirrors can be fabricated using surface or bulk 
micromachining processes. The preferred method for fabricating the thermally 

25 actuated mirrors is the bulk micromachining process due to its inherent repeatability 
and low built-in stress. The thermally actuated mirror can be easily fabricated using 
bulk micromachining with silicon wafers or bulk micromachining with silicon on 
insulator (SOI) wafers. In either case, the structure is formed by etching the front 
surface with a single masking step. A metalization step defines device-contacts and 

30 can also be used to form the highly reflective (HR) layer on the mirror surface. The 
structure is then released by backside etching. A second etching step on the front 
surface or a stressed film can be used to break the symmetry and cause buckling in 
an upward direction in the out-of plane elements 1 14 and 116. 

Those skilled in the art can now appreciate from th foregoing description that 

35 the broad teachings of the present invention can be implemented in a variety of 
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forms. Therefore, while this invention has been described in connection with 
particular examples thereof, the true scope of the invention should not be so limited 
since other modifications will become apparent to the skilled practitioner upon a 
study of the drawings, the specification and the following claims. 
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CLAIMS 

What is claimed is: 

1 . A wavelength tunable laser comprising: 

a distributed feedback (DFB) array including a first DFB laser diode 
5 that generates a first beam of light in a first wavelength range and a second DFB 
laser diode that generates a second beam of light in a second wavelength range; 
an optical waveguide; and 

a microelectromechanical (MEMS) optical element adjustable to 
selectively couple one of said first and second beams of light from said DFB laser 
1 0 array into said optical waveguide. 

. 2. The wavelength tunable laser of claim 1 wherein said MEMS optical 
element includes: 

a collimating lens; and 

a MEMS actuator that adjusts a position of said collimating lens to 
1 5 select said one of said first and second beams of light. 

3. The wavelength tunable laser of claim 2 wherein said MEMS actuator 
moves in one plane. 

4. The wavelength tunable laser of claim 2 wherein said MEMS actuator 
includes an electrostatic actuator. 

20 5. The wavelength tunable laser of claim 2 wherein said MEMS actuator 

includes a thermal actuator. 

6. The wavelength tunable laser of claim 2 further comprising a focusing 
lens that is optically positioned between said collimating lens and said optical 
waveguide. 

25 7. The wavelength tunable laser of claim 1 wherein said optical 

waveguide includes optical fiber suitable for telecommunications. 

8. The wavelength tunable laser of claim 2 wherein said collimating lens 
and said MEMS actuator are fabricated using bulk silicon. 

9. The wavelength tunable laser of claim 4 further comprising: 
30 an electrostatic comb drive structure; 

a flexible spring structure; and 

a drive circuit that actuates said electrostatic comb drive structure and 
said flexible spring structure to adjust said position of said collimating lens. 

10. The wavelength tunable laser of claim 5 further comprising: 
35 a thermal actuating structure; and 
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a drive circuit that provides power to said thermal actuating structure 
to adjust said position of said cciiirnating lens. 

11. The wavelength tunable laser of claim 1 wherein said DFB laser array 
is temperature tunable. 
5 12. The wavelength tunable laser of claim 1 1 further comprising: 

a beam splitter that reflects a first portion of said one of said first and 
second beams of light and that passes a second portion of said one of said first and 
second beams of light; 

a wavelength locker that receives one of said first and second 
1 0 portions from said beam splitter and that generates a wavelength error signal; and 

a thermoelectric cooler that adjusts a temperature of said DFB laser 
array to vary a wavelength output by said DFB laser array based on said wavelength 
error signal. 

15 13. The wavelength tunable laser of claim 1 further comprising a third 

DFB laser diode that generates a third beam of light in a third wavelength range, 
wherein said third wavelength range overlaps at least one of said first and second 
wavelength ranges. 

14. The wavelength tunable laser of claim 1 further comprising a field lens 
20 that is located between said DFB laser array and said MEMS optical element, 

wherein said field lens removes vignetting effects. 

15. The wavelength tunable laser of claim 2 wherein said first and second 
laser diodes, said collimating lens and said MEMS actuator are packaged on a 
common substrate. 

25 16. The wavelength tunable laser of claim 1 wherein said first and second 

wavelength ranges are adjacent wavelength ranges. 

17. The wavelength tunable laser of claim 1 further comprising an optical 
isolator that is located between said MEMS optical element and said optical 
waveguide. 

18. The wavelength tunable laser of claim 1 further comprising an 
amplitude modulator that Is located between said MEMS optical element and said 
optical waveguide. 

19. The wavelength tunable laser of claim 1 wherein said MEMS optical 
element comprises: 

a mirror; and 
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a MEMS actuator for tilting said mirror to select said one of said first 
and second beams uf light. 

20. The wavelength tunable laser of claim 19 wherein said MEMS 
actuator includes thermal actuators for tilting said movable mirror. 
5 21. The wavelength tunable laser of claim 19 wherein said MEMS 

actuator includes electrostatic actuators for tilting said movable mirror. 

22. The wavelength tunable laser of claim 1 9 further comprising: 

a collimating lens that collimates said first and second beams of light; 

and 

10 a focusing lens that focuses said one of said first and second beams 

of light reflected by said mirror into said optical waveguide. 

23. The wavelength tunable laser of claim 22 further comprising a second 
mirror that is optically located between said mirror and said focusing lens. 

24. The wavelength tunable laser of claim 19 wherein said mirror tilts in 
1 5 first and second axial directions to compensate for misalignment of said collimating 

lens and said first and second laser diodes relative to an alignment axis. 

25. The wavelength tunable laser of claim 22 further comprising an optical 
isolator that is located between said focusing lens and said mirror. 

26. The wavelength tunable laser of claim 22 further comprising an 
20 amplitude modulator that is located between said focusing lens and said optical 

waveguide. 

27. A method for providing a beam of laser light having a tunable 
wavelength, comprising the steps of: 

packaging a first DFB laser diode that generates a first beam of light in 
25 a first wavelength range and a second DFB laser diode that generates a second 
beam of light in a second wavelength range in a distributed feedback (DFB) array; 

positioning a microelectromechanical (MEMS) optical element 
between said DFB laser array and an optical waveguide; and 

selectively coupling one of said first and second beams of light from 
said DFB laser array into said optical waveguide. 

28. The method of claim 27 further comprising the step of collimating said 
first and second beams of light 

29. The method of claim 28 further comprising the step of adjusting a 
position of said collimating lens with a MEMS actuator to select said on of said first 
and second beams of light 
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30. The method of claim 29 wherein said MEMS actuator moves in one 

piane. 

31. The method of claim 29 wherein said MEMS actuator is an 
electrostatic actuator. 

5 32. The method of claim 29 wherein said MEMS actuator is a thermal 

actuator. 

33. The method of claim 27 further comprising the step of positioning a 
focusing lens between said DFB laser array and said optical waveguide. 

34. The method of claim 27 wherein said optical waveguide includes 
10 optical fiber. 

35. The method of claim 29 further comprising the step of fabricating said 
collimating lens and said MEMS actuator from bulk silicon. 

36. The method of claim 31 further comprising the step of actuating an 
electrostatic comb drive structure and a flexible spring structure to adjust said 

1 5 position of said collimating lens. 

37. The method of claim 32 further comprising the step of actuating a 
thermal comb drive structure to adjust said position of said collimating lens. 

38. The method of claim 27 further comprising the step of tuning a 
wavelength output by said DFB laser array by varying a temperature of said DFB 

20 laser array. 

39. The method of claim 38 further comprising the steps of: 

splitting said one of said first and second beams of light from said 
MEMS optical element into a first portion that is reflected by a beam splitter and a 
second portion that is passed by said beam splitter; 
25 generating a wavelength error signal from one of said first and 

second portions; and 

temperature tuning said DFB laser array based on said wavelength 

error signal. 

40. The method of claim 27 further comprising the step ot packaging a 
30 third DFB laser diode in said DFB laser array that generates a third beam of light in a 

third wavelength range, wherein said third wavelength range overlaps at least one of 
said first and second wavelength ranges. 

41. The method of claim 27 further comprising the step of removing 
vignetting effects by positioning a field lens between said DFB laser array and said 

35 MEMS optical element 
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42. The method of claim 29 further comprising the step of packaging said 
first and second iaser diodes, said cc!!imaiing !ens end said MEMS actuator on a 
common substrate. 

43. The method of claim 27 wherein said first and second wavelength 
5 ranges are adjacent wavelength ranges. 

44. The method of claim 27 further comprising the steps of providing a 
optical isolator between said DFB laser array and said optical waveguide. 

45. The method of daim 27 further comprising the step of providing an 
amplitude modulator between said DFB laser array and said optical waveguide. 

10 46. The method of daim 27 further comprising the step of tilting a mirror 

using a MEMS actuator to select one of said first and second beams of light. 

47. The method of daim 46 further comprising the step of tilting said 
mirror using an electrostatic actuator. 

48. The method of claim 46 further comprising the step of tilting said 
1 5 mirror using a thermal actuator. 

49. The method of claim 46 further comprising the step of optically 
positioning a second mirror between said mirror and said optical waveguide. 

50. The method of daim 46 further comprising the step of tilting said 
mirror in first and second axial directions to compensate for misalignment. 

20 51. The method of daim 46 further comprising the step of positioning an 

optical isolator between said mirror and said optical waveguide. 

52. A wavelength tunable laser comprising: 

a distributed feedback (DFB) array including a first DFB laser diode 
that generates a first beam of light in a first wavelength range and a second DFB 
25 laser diode that generates a second beam of light in a second wavelength range; 
an optical waveguide; 
a collimating lens; and 

a MEMS actuator for adjusting a position of said collimating lens to 
selectively couple one of said first and second beams of light from said DFB laser 
30 array into said optical waveguide. 

53. The wavelength tunable laser of claim 52 wherein said MEMS 
actuator moves in one plane. 

54. The wavelength tunable laser of claim 52 wherein said MEMS 
actuator includes an electrostatic actuator. 


19 


WO 02/13343 PCT/USO 1/24969 


55. The wavelength tunable laser of claim 52 wherein said MEMS 
actuator includes a thermal actuator. 

56. The wavelength tunable laser of claim 52 further comprising a 
focusing lens that is located between said collimating lens and said optical 

5 waveguide. 

57. The wavelength tunable laser of claim 52 wherein said optical 
waveguide includes optical fiber suitable for telecommunications. 

58. The wavelength tunable laser of claim 54 wherein said MEMS 
actuator further comprises: 

10 an electrostatic comb drive structure; and 

a flexible spring structure. 

59. The wavelength tunable laser of claim 55 wherein said MEMS 
actuator further comprises a thermal comb drive structure. 

60. ' The wavelength tunable laser of claim 52 wherein said DFB laser 
1 5 array is temperature tunable. 

61 . The wavelength tunable laser of claim 60 further comprising: 

a beam splitter that reflects a first portion of said one of said first and 
second beams of light and that passes a second portion of said one of said first and 
second beams of light; 

20 a wavelength locker that receives one of said first and second 

portions from said beam splitter and that generates a wavelength error signal; and 

a thermoelectric cooler that adjusts a temperature of said DFB laser 
array to vary a wavelength output by said DFB laser array based on said wavelength 
25 error signal. 

62. The wavelength tunable laser of claim 52 further comprising a third 
DFB laser diode that generates a third beam of light in a third wavelength range, 
wherein said third wavelength range overlaps one of said first and second 
wavelength ranges. 

30 63. The wavelength tunable laser of claim 52 further comprising a field 

lens that is located between said DFB laser array and said collimating lens, wherein 
said field lens removes vignetting effects. 

64. The wavelength tunable laser of claim 52 wherein said first and 
second wavelength ranges are adjacent wavelength ranges. 
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65. The wavelength tunable laser of claim 52 further comprising a optical 
isolator that is located between said DFB iaser array and said optica! waveguide. 

66. The wavelength tunable laser of claim 52 further comprising an 
amplitude modulator that is located between said DFB laser array and said optical 

5 * waveguide. 

67. A method for providing a beam of laser light having a tunable 
wavelength, comprising the steps of: 

providing a distributed feedback (DFB) array; 
generating a first beam of light in a first wavelength range using a first 
1 0 DFB laser diode of said DFB laser array; 

generating a second beam of light in a second wavelength range 
using a second DFB laser diode of said DFB laser array; 

positioning a collimating lens adjacent to said DFB laser array; and 
selectively coupling one of said first and second beams of light from 
15 said DFB laser array into said optical waveguide using a MEMS actuator that adjusts 
a position of said collimating lens. 

68. The method of claim 67 wherein said MEMS actuator includes an 
electrostatic actuator. 

69. The method of claim 67 wherein said MEMS actuator includes a 
20 thermal actuator. 

70. The method of claim 67 further comprising the step of positioning a 
focusing lens between said collimating lens and said optical waveguide. 

71. The method of claim 67 wherein said optical waveguide is optical fiber 
suitable for telecommunications. 

25 72. The method of claim 68 further comprising the step of actuating an 

electrostatic comb drive structure and a flexible spring structure to adjust said 
position of said collimating lens. 

73. The method of claim 69 further comprising the step of actuating a 
thermal comb drive structure to adjust said position of said collimating lens. 
30 74. The method of claim 67 further comprising the step of tuning a 

wavelength of said DFB laser array by varying a temperature of said DFB laser array. 
75. The method of claim 74 further comprising the steps of: 

reflecting a first portion of said one of said first and second beams of 
light using a beam splitter; 
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passing a second portion of said one of said first and second beams 
of light using said beam spiilier; 

generating a wavelength error signal from one of said first and second 

portions; and 

5 adjusting a temperature of said DFB laser array using said wavelength 

error signal to vary said wavelength output by said DFB laser array. 

76. The method of claim 67 further comprising the step of packaging a 
third DFB laser diode that generates a third beam of light in a third wavelength range 
in said DFB laser array, wherein said third wavelength range overlaps one of said 

1 0 first and second wavelength ranges. 

77. The method of claim 67 further comprising the step of removing 
vignetting effects using a field lens that is located between said DFB laser array and 
said collimating lens. 

78. The method of claim 67 wherein said first and second wavelength 
1 5 ranges are adjacent wavelength ranges. 

79. The method of claim 67 further comprising the step of locating a 
optical isolator between said DFB laser array and said optical waveguide. 

80. The method of claim 70 further comprising the step of locating an 
amplitude modulator between said focusing lens and said optical waveguide. 

20 81. A wavelength tunable laser comprising: 

a distributed feedback (DFB) array including a first DFB laser diode 
that generates a first beam of light in a first wavelength range and a second DFB 
laser diode that generates a second beam of light in a second wavelength range; 
an optical waveguide; 

25 a collimating lens that collimates said finst and second beams of light; 

a mirror; and 

a MEMS actuator for tilting said mirror to selectively couple one of said 
first and second beams of light from said DFB laser array into said optical waveguide. 

82. The wavelength tunable laser of claim 81 wherein., said MEMS 
30 actuator includes thermal actuators for tilting said mirror. 

83. The wavelength tunable laser of claim 81 wherein said MEMS 
actuator includes electrostatic actuators for tilting said mirror. 

84. The wavelength tunable laser of claim 81 further comprising a 
focusing lens that is located between said mirror and said optical waveguide and that 
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focuses said one of said first and second beams of light reflected by said mirror into 
said optical waveyuicle. 

85. The wavelength tunable laser of claim 81 further comprising a second 
mirror that is optically located between said mirror and said focusing lens. 
5 86. The wavelength tunable laser of claim 81 wherein said mirror tilts in 

first and second axial directions to compensate for misalignment. 

87. The wavelength tunable laser of claim 81 further comprising an optical 
isolator that is located between said DFB laser array and said mirror. 

88. A method for providing a beam of laser light having a tunable 
1 0 wavelength, comprising the steps of: 

providing a distributed feedback (DFB) array; 
generating a first beam of light in a first wavelength range using a first 
DFB laser diode of said DFB laser array; 

generating a second beam of light in a second wavelength range 
1 5 using a second DFB laser diode of said DFB laser array; 

collimating at least one of said first and second beams of light; and 
tilting mirror using a MEMS actuator to selectively couple one of said 
first and second beams of light from said DFB laser array into said optical waveguide. 

89. The method of claim 88 wherein said MEMS actuator includes thermal 
20 actuators for tilting said mirror. 

90. The method of claim 88 wherein said MEMS actuator includes 
electrostatic actuators for tilting said mirror. 

91. The method of claim 88 further comprising the step of focusing said 
one of said first and second beams of light reflected by said mirror into said optical 

25 waveguide. 

92. The method of claim 91 further comprising the step of optically 
positioning a second mirror between said mirror and said optical waveguide. 

93. The method of claim 88 wherein said mirror tilts in first and second 
axial directions to compensate for misalignment. 

30 94. The method of claim 88 further comprising the step of locating an 

optical isolator between said DFB laser array and said mirror. 

. 95. A telecommunications laser package adapted to couple an optical 
signal having a predetermined wavelength selected from a plurality of predetermined 
wavelengths into an optical waveguide comprising: 
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a plurality of DFB lasers formed in an array, at least two of the DFB lasers 
generating an opticai signal having substantially different wavelengths; and 

a collimating lens mounted in a microelectromechanical structure (MEMS) 
moveable to couple light emitted from any one of the DFB lasers along a path 
5 calculated to enter the optical waveguide. 

96. The telecommunications package of claim 95 wherein at any given 
time the collimating lens couples light emitted from only one of the DFB lasers along 
a path calculated to enter the optical waveguide. 

97. The telecommunications package of claim 96 wherein the optical 
1 0 waveguide is an optical fiber. 

98. A telecommunications laser package adapted to couple an optical 
signal having a predetermined wavelength selected from a plurality of predetermined 
wavelengths into an optical waveguide comprising: 

a plurality of DFB lasers formed in an array, at least two of the DFB lasers 
1 5 generating an optical signal having substantially different wavelengths; and 

a microelectromechanical structure (MEMS) mirror moveable to reflect light 
emitted from any one of the DFB lasers along a path calculated to enter the optical 
waveguide. 

99. The telecommunications package of claim 98 wherein the MEMS 
20 mirror reflects light emitted from only one of the DFB lasers along a path calculated 

to enter the optical waveguide. 

100. The telecommunications package of claim 99 wherein the optical 
waveguide is an optical fiber. 

101. A telecommunication network including a tunable laser system, the 
25 tunable laser system providing an optical signal transmitting information over a fiber 

optic line, the optical signal being of a wavelength selected from a plurality of 
predetermined wavelengths, the tunable laser comprising: 

an array of distributed feedback (DFB) lasers, each of the DFB lasers emitting 
light in a predetermined wavelength range, at least some of the DFB lasers emitting 
30 light in different wavelength ranges, a collimating lens, and a MEMS actuator coupled 
to the collimating lens so as to position the collimating lens to couple light from any 
one of the DFB lasers on a path expected to result in transmission of the light on the 
fiber optic line. 

102. A telecommunication network including a tunable laser system, the 
35 tunable laser system providing an optical signal transmitting information over a fiber 
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optic line, the optical signal being of a wavelength selected from a plurality of 
predetermined wavdengfis, the tunable laser comprising: 

an array of distributed feedback (DFB) lasers, each of the DFB lasers emitting 
light in a predetermined wavelength range, at least some of the DFB lasers emitting 
5 light in different wavelength ranges, a MEMS mirror moveable so as to couple light 
from any one of the DFB lasers on a path expected to result in transmission of the 
light on the fiber optic line. 
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